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The combination of planar chromatography with desorption/ionization mass-spectrometry
(MS) techniques provides chemists with unique tools for fast and simple separation of
mixtures followed by the detection of analytes by the most powerful analytical method.
Since its introduction in the early 1990s, thin-layer chromatography (TLC)/matrix-assisted
mass spectrometry (MALDI) has been used for the analysis of a wide range of analytes,
including natural and synthetic organic compounds. Nowadays, new desorption/ionization
approaches have been developed and applied in conjunction with planar chromatography
competing with MALDI. This review covers recent developments in the combination of TLC
with various desorption/ionization MS methods which were made in recent several years.
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INTRODUCTION

The conjugation of thin-layer chromatography (TLC) and mass spectrometry (MS) is one of the
promising hybrid analytical methods. Despite the seeming simplicity, TLC with different detection
systems is actively used in analytical and organic chemistry for the express separation of various
mixtures and preliminary quantification, for example, for the analysis of oil and petroleum products
(Cebolla et al., 2016; Speight, 2020; Makowska and Pellinen, 2021), monitoring the progress of
organic reactions (Cagniant et al., 2001; Siebenhaller et al., 2018; Sahaka et al., 2021), separation of
dyes and inks (Barker et al., 2017; Mohammad et al., 2017; Sharma and Kumar, 2017; Miron-Merida
et al., 2021), and monitoring target compounds in different media (Kumar et al., 2017; Qu et al.,
2021).

The potential of TLC as a modern micro-scale separation method is based on a number of its
convenient properties, such as large sample throughput and suitability for screening separations
(Matheis et al., 2015). This method may also be used for preliminary testing of separation conditions
for HPLC applications due to low-cost optimization of mobile phase composition and easy and fast
change of the stationary phase. Sample preparation for TLC is also not such a rigorous step, as for
other chromatographic methods due to the disposability of the TLC plates. One of the unique
advantages of TLC is the possibility of long-term storage of the analytical information after the
separation process, so the TLC plates with target compounds may be further conjugated to the other
analytical methods, such as IR, FID, or MS detection. The main disadvantages of TLC are difficult
quantification and rather limited possibilities of qualitative analysis with classical detection methods,
especially while separating complex mixtures, and if the question of quantitative analysis remains
open to this day, for example, Stanek et al., 2019 developed the TLC method for the express
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qualification and quantification of phenolic compounds and
abscisic acid in honey, and succeeded with ∼10% relative error
of the concentration of the target compound (depending on the
substance) using densitometric detection; similar results were
obtained by Hynstova et al. (2018) who performed the separation
of carotenoids and chlorophylls in dietary supplements
containing Chlorella vulgaris and Spirulina platensis using
high-performance TLC (HPTLC) and many others; the
qualitative determination of the target components in the
composition of complex mixtures can be reliably performed
using suitable detection systems, and one of the main
analytical methods in this case is conjugation to MS. At the
same time, MALDI, among all the MS methods, occurred to be
one of the most suitable methods for direct conjugation to planar
chromatographic methods, opening broad possibilities for the
identification of components of complex “omics” mixtures,
screening, especially for small molecules, and development of
methodological approaches, including new stationary phases for
TLC, which might be suitable for direct MS detection of the
separated compounds. MERCK KGaA, for instance, produces the
so-called MS grade TLC plates which possess some important
advantages; these TLC plates are characterized by a very low MS
background due to the control of MS-detectable impurities, and
the stationary phase layer thickness has been decreased to
100 μm, which is twice lower than that of standard TLC
plates, as it was found that layer thickness influences the
efficiency of laser desorption from the plate surface
(Hillenkamp and Peter-Katalinic, 2013; Griesinger et al., 2014).
It also should be noted that thoughMALDI can also be combined
with other separation techniques such as, for example, capillary
electrophoresis and liquid chromatography, TLC appears to be
more suitable for MALDI experiments because the plates can be
directly introduced to the ion source without any additional
interfaces.

The aim of the present article was to review the recent
advances of the combined TLC-MALDI technique, including
the dedicated stationary phases, matrixes, derivatization, and
application of the method. The last part of the review is
devoted to the conjugation of TLC and novel desorption/
ionization mass-spectrometry techniques, such as DART,
DESI, and some other non-commercial systems with
significant potential.

THIN-LAYER CHROMATOGRAPHY/
MATRIX-ASSISTED MASS
SPECTROMETRY
Sorbents
In 2002, monolithic thin-layer sorbents based on silica gel
containing no additional binder were introduced into
laboratory practice by Merck (Germany). Together with the
minimal thickness of the stationary phase layer (1–50 μm)
providing improved separation properties, these TLC plates
were found to be suitable to the direct coupling to different
MS detection systems due to covalent binding of the stationary
phase and, as a result, the low bleeding level. However, together

with the advantages, a decrease in the thickness of the sorption
layer also resulted in the decrease in the resolution due to the
small elution pathway. The solution of the problem was in
increasing of the separation efficiency, so the UTLC and
HPTLC plates were taken into consideration. Increase of the
efficiency allowed the increase of the sensitivity of the method,
reaching about a dozen pmol per sample using UV detection and
a few pmol with MALDI-MS.

Zhang et al. (2011) suggested the slides for ultrathin-layer
chromatography (UTLC) which were prepared via coating
nonporous silica particles, chemically modified with
polyacrylamide, as 15 mkm films, on glass or silicon. The
authors used the model mixture of three proteins, namely,
myoglobin, cytochrome c, and lysozyme, for testing the
separation ability of the prepared sorbent, and have received
the nearly baseline resolution realized by the hydrophilic
interaction chromatography mechanism. The sorbent
demonstrated the HETP value of about 3 mkm, giving the
opportunity to develop the separation efficiency more than
3500 TP per plate. Zhang et al. also varied the silica particle
diameter, and tested the 900-, 700-, and 350-nm particles. The
typical SEM image of a UTLC slide with a coating with silica
nanoparticles demonstrates the smooth particles with narrow size
distribution and optimal layer arrangement.

As it was found, the decreasing particle diameter improved the
resolution but slowed down the separation. The plates with the
optimized properties were used combined with MALDI-MS for
the analysis of the proteins. MALDI for each protein was carried
out at the region which was previously marked by the
fluorescently labeled proteins under a microscope, and the
mass spectrum for the center of each spot was recorded. The
mass spectrum in each case agreed with the expected molar mass
for each protein. The signal-to-noise ratio had an acceptable
value, confirming the possibility of utilization of the approach.

In 2013, Svec et al. (Lv et al., 2013) suggested organic
polymeric monolithic sorbents based on poly (4-
methylstyrene-co-chloromethyl-styrene-co-divinylbenzene).
The authors compared the different polymerization initiation
approaches and have chosen the synthetic procedure based on the
thermally initiated process. The photopolymerization was not
suitable for aromatic monomers because the latter absorb light in
the UV range, resulting in decreased efficiency of the process. F.
Svec et al. demonstrated that monolithic thin layers with a small
surface area were able to produce efficient separations of peptides
and proteins together with their on-layer MALDI-TOF-MS.
Separation and subsequent identification of the components of
the mixture of (Met5) enkephalin, oxytocin, and melittin labeled
with fluorescamine were performed by Svec et. al to demonstrate
the plate efficiency. All three components were baseline-separated
using 65% acetonitrile in 0.1% aqueous TFA solution as a mobile
phase. The MALDI-TOF-MS spectra were obtained directly from
the TLC plates based on the poly(4-methylstyrene-co-
chloromethylstyrene-co-divinylbenzene) monolithic sorbent
with layer thickness of 50 mkm from the analyte spots using
cyano-4-hydroxycinnamic acid as a matrix. The authors found
the MS spectra were characterized with a good signal-to-noise
ratio, confirming the main point of the TLC-MALDI-MS
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conjugation. The article also contained the results for eight
different plates and double spotting of peptide mixtures, which
demonstrated good repeatability and reproducibility of stationary
phase properties.

In 2015, Hu et al. presented a TLC-ESI-MS method for direct
analysis of raw samples. Themain idea for the conjugation of TLC
and MS methods was in the fact that the TLC plate could serve as
a medium for absorbing interfering substances, allowing the
detection of target compounds with reduced matrix effects.
The authors have adapted the conventional TLC plates with
an aluminum base coated with silica gel stationary phase
particles. The suggested mode of separation of the target
compounds and interfering substances allowed the decrease of
sample pretreatment. The described procedure was efficient in
the direct analysis of samples with salts and detergents, and rapid
detection and quantitation of the target analyte in raw biological
fluids were possible.

However, the main difficulties for this combination are the
application of the MALDI-MS matrix onto the TLC plate and
subsequent ionization. Kucherenko et al. suggested TLC plates
with an organic polymer monolithic layer to work out the
problem (Kucherenko et al., 2018; 2019). The chemical nature
of monolithic polymers provides an opportunity to incorporate
into the polymeric layer the functional groups which could play a
role of “matrix,” that is, to absorb and to redistribute the energy of
laser pulse to ensure the soft ionization of the target compounds.
At the same time, these functional groups will be covalently
bonded to the polymer layer and will not result in a matrix cloud
in the low molecular mass area of the mass spectra. Organic
monolithic sorbents also have a highly developed surface area,
allowing high-efficient separations due to the small size of the
monolith domain structures. In the study by Kucherenko et al.
(2018), the authors have developed the monolithic layers
prepared by the copolymerization of ethylene dimethacrylate
and glycidyl methacrylate, and deposited onto the surface of
glass, and silicon plates were investigated as thin-layer
chromatography separating media in hyphenated thin-layer
chromatography–matrix-assisted laser desorption/ionization

mass-spectrometry analysis. Varying compositions of the
polymerization mixture and polymerization condition layers of
different porosities and MALDI-MS compatibility were
synthesized. The compatibility with MALDI-MS was tested
using PEG, and it was demonstrated that layers prepared
without glycidyl methacrylate are not compatible with
MALDI-MS and do not allow obtaining any mass spectra. The
best results were achieved with layers containing 19–29% glycidyl
methacrylate. These layers allow mass spectra measurement
without additional deposition of matrix compounds, supplying
mass spectra almost “clean” in a lowmolar mass range (Figure 1).

Matrixes
One of the important distinctions of MALDI-MS from other soft
ionization methods is the key role of the matrix in the ionization
process. There are a large number of matrix compounds suitable
for the analysis of low molecular weight analytes (Calvano et al.,
2018; Kobylis et al., 2021). However, recently, some new matrixes
have been proposed for TLC/MALDI. Thus, Mernie et al. (2019)
described a very promising approach allowing direct TLC/MS
profiling of oligosaccharides. The method is based on using
magnetic nanoparticles functionalized with the traditional
matrix compound-2,5-dihydroxybenzoic acid (DHB). The
nanoparticles were dispersed in an ion liquid and applied on
the TLC plate using a spinning device (Figure 2). Desorption/
ionization of oligosaccharides in such conditions proceeds
simultaneously with their fragmentation, forming
characteristic ions. The use of this composite matrix also
causes increasing of peak intensities of analytes’ sodiated
adducts and fragment ions.

Another example of the application of the inorganic matrix
was proposed in the study by Fougère et al. (2018). The authors
used core-shell silica-coated iron oxide magnetic nanoparticles as
the matrix for the detection of flavonoid compounds by TLC/
MALDI. The nanoparticle dispersion in ethanol was applied
directly on the spots of interest, and MALDI mass spectra
both in positive and negative modes were registered. The
approach allowed the detection of anthocyanins in red wine,

FIGURE 1 |MALDI-MS spectrum for the PEG sample (1 mg/ml) received directly from the monolithic TLC plate without additional matrix compounds. (A) 29% (w/
w) GMA and (B) 14% (w/w) GMA. Figure reprinted with permission from Kucherenko et al. (2018). Copyright (2018) WILEY-VCH Verlag GmbH & Co. KGaA.
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glycosylated derivatives of quercetin in apple juice, and
polyphenols in rose flower extract.

It is important to note, however, that the use of solutions of
matrixes can cause secondary chromatographic processes on TLC
plates and, hence, analyte spot blurring. This problem can be
overcome by using solvent-free matrixes such as graphite-assisted
laser desorption/ionization (GALDI) (Han et al., 2011). The
sample preparation process in this case looks very simple and
convenient because the matrix can be applied on TLC plates by
denoting spots with a simple pencil lead. A large-scale test of this
approach made on a number of synthetic organic compounds
confirmed its utility (Borisov et al., 2014). However, the authors
underlined that TLC/GALDI requires rather energies of the laser.

Composite glycerol/graphite/aromatic acid matrices were also
proposed to avoid spot blurring and enhance desorption/
ionization of the analytes (Esparza et al., 2016). Mixtures of
traditional matrixes and graphite were dispersed in glycerin
and applied on spots using a brush. The authors supposed
that glycerol allows preventing secondary chromatographic
processes and increasing analyte concentration on the surface
of TLC plates. These factors increased the signals of analytes and
reproducibility of mass spectra (Figure 3).

Dopants also sometimes play a very important role in
ionization processes (Ali et al., 2017). In case of the previously
mentioned GALDI-MS, sodium and potassium cations found in
pencil lead take part in the formation of adducts of molecules.
But, Y. Dong et al. found out that the concentration of alkali ions
causing the formation of the corresponding adduct is higher on
the surface of TLC plates (Dong et al., 2017). So, if the sorbent
layer is scratched, the intensities of its peaks decrease, reducing
the reproducibility of the results.

Derivatization
Planar chromatography is one of the first analytical methods
where derivatization procedures were applied mainly for spot
visualization (Zarzycki, 2015). Derivatization is also widely used
in MALDI-MS and MALDI imaging for enhancing desorption/
ionization efficiencies of the analytes (Zaikin and Halket, 2009;
Zaikin and Borisov, 2021). However, chemical modification
procedures are much less popular in case of TLC/MALDI.
Nevertheless, such approaches look rather promising for the
analysis of non- or low-polar analytes by this method. Thus,
for example, a previously developed procedure for fixed-charge
derivatization of alcohols (Borisov et al., 2014) was used for TLC/
MALDI (Esparza et al., 2018). The derivatization agents,
including 3-bromopropionyl chloride and pyridine, were
applied directly on the elution zones of the analytes on the
developed TLC plates. MALDI mass spectra registered from
the plates contained intense peaks of the corresponding
derivatives (Figure 4).

A similar approach was used for TLC/MALDI analysis of
primary amines (Borisov et al., 2019). In this case, tris(2,6-
dimethoxyphenyl)methilium hexafluorophosphate was used
for the derivatization to yield cyclic acridine–like fixed-
charge derivatives. The modification of analytes also causes
change in the color of the spots. The latter is very useful to
avoid using additional procedures to determine analyte elusion
zones. The same derivatization agent was involved in the
development of a method for analysis of aminoacids
(Esparza et al., 2020). The derivatives of α-aminoacids
underwent elimination of carbon dioxide under laser
irradiation, but the formed ions produced intense peaks in
the registered MALDI mass spectra. The proposed approach

FIGURE 2 | Analytical workflow of DHB@MNP-assisted TLC-MALDI-MS using a saccharide mixture as a model (Mernie et al., 2019). (A) Saccharide mixture was
separated on a C18-modified TLC plate, and the DHB@MNP nanomatrix was deposited on the TLC surface by spin-coating with the ionic liquid. (B) Automated
scanning of the entire TLC separation lane was performed to obtain TOF-MS spectra at different migration distances. (C) Finally, on-spot structural elucidation of the
saccharides was performed based on the parent and fragment ions generated from DHB@MNP-assisted fragmentation in single TOF-MS. Figure reprinted with
permission from Mernie et al. (2019). Copyright (2019) the American Chemical Society (ACS).
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was successfully applied for the analysis of dietary
supplements (Figure 5).

Applications
The unique opportunities of the TLC/MALDI systems result in
wide utilization of this method in the analytics of complex
organic mixtures. One of the areas of interest in current
analytical chemistry is lipid analysis. Cebolla et al. (2021) have
recently presented a review on HPTLC contribution to lipid
analysis in complex matrices during the period 2010–2021,
when hyphenation of TLC to MS methods had experienced
significant growth. Authors demonstrated that HPTLC
separation of lipids on classes allowed the subsequent analysis

by MALDI-TOF, resolving the difficulties in the analysis of acidic
glycerophospholipid species due to ion suppression by
phosphatidylcholine species. MALDI also allows structural
identification of untargeted lipids which are ionized from the
surface by continuous scanning along the plate track. In a similar
way in which MS imaging allows the recording of mass spectra
from the slices of biological tissues, MALDI may be used for
screening the distribution of the lipids and other organic
compounds on the HPTLC plate. Although most HPTLC-
MALDI studies are performed with UV lasers using a matrix,
other alternatives are also presented in the literature. In the study
by Taki (2015), glycosphingolipids were separated on the HPTLC
plate and then transferred to a plastic membrane which was fixed

FIGURE 3 |MALDI mass spectra of vardenafil registered from (A) steel MALDI target using AT as the matrix, (B) TLC plate after elution and using AT as the matrix,
and (C) TLC plate after elution using the composite matrix (AT-glycerol-graphite). Figure reprinted with permission from Esparza et al. (2016). Copyright (2016) Elsevier
B. V.
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on a MALDI adapter (blotting process). Direct HPTLC/LDI
without the matrix was realized using an IR laser by Leopold
et al. (2018). This method allowed ablating more material per
laser pulse on the order of a few micrometers in depth regarding
UV lasers, improving sensitivity of the process, which is
important taking into consideration the TLC plate thickness.

Ferey et al. (2017) have reported the utilization of TLC/
MALDI-TOF-MS for the screening of invertase substrates in
complex matrices. BfrA, a specific β-D-fructofuranosidase
from Leishmania major, was chosen by the authors as a model
enzyme to screen biological activity in plant extracts due to its

capacity to hydrolyze specific carbohydrates. The first part of the
approach was in differential analysis by TLC densitometry to
determine the zones in the plant extract between the blank and
enzymatic reaction. Zones of interest were then subsequently
investigated via TLC/MALDI-TOF-MS for the identification of
bioactive molecules. The development of the method demanded
the solution of different analytical problems, such as separation of
isomers (glucose and fructose), elimination of the high-matrix
effect, and the analysis of polar molecules with low molar masses
(sugars), which is a challenging problem itself while interacting
about MALDI. However, the method occurred to be feasible for

FIGURE 4 | MALDI mass spectra of steroid alcohols derivatized on the TLC plate cholesterol (A), β-estradiol (B), positions of bromopropionyl and
pyridiniumpropionyl groups may vary and testosterone (C). Figure reprinted with permission from Esparza et al. (2018). Copyright (2018) Elsevier B. V.
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the analysis of bioactive molecules in complex mixtures
containing interfering compounds (e.g., proteins and salts).

TLC/MALDI is widely used for the analysis of lipids (Engel
and Schiller, 2021). Thus, Kouzel et al., (2017 have investigated
the TLC-IR-MALDI-MS as an analytical tool for the detection
and structural characterization of glyco and phospholipids
directly from the TLC plate. The authors have coupled a
pulsed IR-MALDI laser to a hybrid Synapt G2-S mass
spectrometer and used the suggested ion source configuration
for TLC-IR-MALDI-MS imaging of neutral glycosphingolipids,
obtained from human colon epithelial HCT-8 cells. The aim of
the article was the detection of the two glycosphingolipids,
namely, globotriaosylceramide and globotetraosylceramide,
which are the main receptors for Shiga toxins produced by
enterohemorrhagic Escherichia coli. The direct TLC-IR-
MALDI-MS analysis allowed the successful visualization of the
chromatographic separation of the various lipo forms of
globotriaosylceramide and globotetraosylceramide. The
developed method allowed the fast and reliable overview of
the glycosphingolipid composition of the investigated cell line
of high medical relevance. This possibility may also be useful in
glycolipidomic studies of complex biological matrices; for
example, for globotriaosylceramide imaging, Kouzel et al.
(2017) detected a higher extent of heterogeneity in lipo forms

than that up to this point, analyzing monohexosyl and
dihexosylceramide species. According to the structures of the
biosynthesis precursor glycosphingolipids, namely,
glucosylceramide and lactosylceramide, globotriaosylceramide
species with sphingosine and fatty acid variations were
identified by authors at m/z 1158.78 (d18:1, C24:0), m/z
1156.74 (d18:1, C24:1), m/z 1130.74 (d18:1, C22:0), and m/z
1046.66 (d18:1, C16:0). It is worth noting that the C24:0 fatty
acid- and C24:1 fatty acid-carrying globotriaosylceramide species,
differing only in the double bond in the acyl chain, were not
separated on the chromatographic step due to their identical
chromatographic properties in the utilized conditions. However,
these compounds together formed a chromatographic zone
which was definitely separated from the spots on the TLC
plate containing globotriaosylceramide with C22:0 and C16:0
acyls. The additional MS data allowed to suggest that the colon
epithelial cells synthesize globotriaosylceramide species with
dihydroxylated sphinganine (d18:0), detected at m/z 1048.66
(d18:0, C16:0), and trihydroxylated sphinganine (t18:0) at m/z
1064.66 (t18:0, C16:0).

Torretta et al. (2016) have used HPTLC-MALDI-MS for the
investigation of sphingolipid and glycosphingolipid profiles in the
muscle, brain, and serum for creating a database of molecules for
preclinical and clinical investigations. Based on the properties of

FIGURE 5 | Graphic and real thin-layer chromatograms (top two images) of dietary supplement and recorded MALDI mass spectra of TDPMH derivatives of the
detected amino acids (bottom images). Figure reprinted with permission from Esparza et al. (2020). Copyright (2020) Elsevier B. V.
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the studied tissues and fluids, the specific protocols for lipid
extraction were used by the authors to maximize the HPTLC-
MALDI-MS analytical throughput both for lipids extracted in the
organic and aqueous phases. The received result allowed the
authors to develop the database of specie-specific molecules,
which may contribute to preclinical and clinical studies. The
performed study indicated that alkaline hydrolysis was necessary
for the detection of low-abundant species in serum and muscle
tissues. The high hydrophobicity of ceramide was overcome by
the development of the HPTLC plate in a specific eluent
[chloroform/methanol 50:3.5 (v/v)], resulting in increased
number and intensity of low-abundant ceramide species.

Kroslakova et al. (2016) have reported on the direct coupling
of HPTLC with MALDI-TOF-MS for qualitative detection of
flavonoids on phytochemical fingerprints. It is known that TLC
fingerprints of plant raw materials and extracts for various
applications usually focus on phenol acids and flavonoids. The
TLC/MALDI-TOF-MS method has been applied by the authors
for the development of fingerprints of flavonoids. The authors
have demonstrated the feasibility of direct coupling of HPTLC
with UV-MALDI-TOF-MS for the determination of the
molecular mass of the flavonol glycoside, that is, rutin, and
flavone glycoside, that is, luteolin-7-O-glucoside, and the
corresponding aglycones, that is, quercetin and luteolin. After
the primary TLC separation on the MS-grade plates, the
developed chromatogram was treated with 2,5-
dihydroxybenzoic acid as a MALDI matrix, dried, and scanned
by UV-MALDI-TOF-MS. All the studied compounds were
detected in MALDI-TOF mass spectra. This is particularly
important for the coeluted compounds—aglycones luteolin
and quercetin, which could not have been distinguished by the
densitometric HPTLC method. The authors have demonstrated
the potential of MALDI-TOF-MS for the analysis of low molar
mass fingerprints of flavonoids directly from their HPTLC
chromatogram.

THIN-LAYER CHROMATOGRAPHY AND
NOVEL DESORPTION/IONIZATION
MASS-SPECTROMETRY TECHNIQUES
Though MALDI-MS is the most used approach for direct
detection of analytes from TLC plates, there also several
desorption/ionization methods which are also capable of such
analyses. Thus, even in the 1980s, it was shown that fast atom
bombardment (Chang et al., 1984) and secondary ion mass
spectrometry (Kushi and Handa, 1985) can be conjugated with
planar chromatography. The development of ambient ionization
methods, such as “direct analysis in real-time” (DART) and
desorption electrospray ionization (DESI), makes it possible to
ionize molecules from TLC plates with minimum sample
preparation (Morlock and Schwack, 2010). On the one hand,
such approaches lookmore promising than TLC/MALDI because
they do not require any matrix, making the developed methods
more reproducible and easy to use. On the other hand, laser-
based vacuum systems such as MALDI guarantee high spatial
resolution and minimum side-ionization processes.

The first study demonstrating the power of the combination of
TLC and ambient ionization MS was published shortly after the
presentation of DESI (Van Berkel et al., 2005). The method is
based on spraying of the TLC surface with ultrasmall solvent
droplets at velocities higher than 100 m/s, causing desorption of
the ionized molecules of the analytes. The latter are transferred to
the interface of the MS and detected (Manikandan, et al., 2016).
The main drawback of this method is the dependence of the size
of desorption spots on TLC plates on solvent flow rates (Bagatela,
et al., 2015). Low flow rates lead to decreasing desorption of
analytes and low intensities of corresponding ions, whereas high
flow rates produce large spots causing diffusion of analytes across
TLC plates, decreasing spatial resolution, and co-ionization of
compounds with close Rf. Nevertheless, the approach was used,
for example, to develop methods for detecting components of
thermochromic inks for forensic purposes (Khatami et al., 2017).
A very interesting combination of TLC/DESI with ion mobility
spectroscopy/mass spectrometry (IMS/MS) was described by
Claude et al. (2020). In this case, IMS was necessary to resolve
co-eluting isomers of ecdysteroids, but, in fact, the proposed
multidimensional separation system can be used for the analysis
of very complex mixtures of various origins.

DART mass spectrometry operates using Penning ionization
principles: excited atoms of gas (mainly helium) interact with
molecules of ambient air components producing secondary ions,
which desorb/ionize compounds from the surface of the analyzed
object (Rondeau, 2017). This ionization mechanism is more
preferable for TLC than DESI because using gas streams
avoids diffusion of analytes (Morlock and Ueda, 2007).
Moreover, rather high temperature of gas enhances desorption
of analytes from plates, although some thermal decompositions of
labile compounds can occur. The method can also be combined
with online derivatization to enhance the ionization efficiencies of
the analytes (Borisov et al., 2019).

FIGURE 6 | DART ion source with possibility to change the gas flow
angle for desorption/ionization of analytes from TLC plates. Reprinted with
permission from Häbe and Morlock (2015). Copyright © 2015 John Wiley &
Sons, Ltd.
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The first version of the commercial DART ion source was
inconvenient for TLC analysis because the gas stream was
directed to the orifice of the MS interface and the analysis
required cutting of the plates. Though a special adapter
increases the efficiency of desorption/ionization and
reproducibility of the results was proposed by Ovcharov et al.
(2017), the problem was completely overcome with the release of
new generation of DART ion sources, allowing to change the gas
flow angle (so-called reflection scanning) and having TLC holders
(Figure 6). The sensitivity of TLC/DART can also be increased
using shortened source caps (Häbe andMorlock, 2015). There are
also approaches allowing the visualization of the gas impact
region on plates using neon additives to helium (Chernetsova
and Morlock, 2015) or substances changing their color upon
heating (Chernetsova et al., 2011).

All abovementioned improvements have rapidly increased the
popularity of TLC/DART, and now, it is the most common
combination of ambient mass spectrometry with planar
chromatography. Thus, this approach is often used for the
characterization of plant extracts. For example, DART-MS
coupled with the ion trap mass analyzer was used for express
identification of alkaloids extracted from plants and separated by
TLC (Chen, et al., 2018). The combination of TLC with
derivatization, bioautography, and DART-MS was successfully
applied by Bañuelos-Hernández et al. (2020) for the analysis of
Mexican Plectranthus amboinicus (Lour.) essential oil.
Comparison of HPTLC-UV/Vis chromatograms before and
after derivatization using the anisaldehyde–sulfuric acid
reagent and HPTLC-Vis-EDA autograms allowed determining
bioactive compound zones, which then were subjected to analysis

by DART with a high-resolution mass analyzer. A similar
approach was used for bioanalytical profiling of sunflower
leaves (Móricz et al., 2018).

TLC/DART analysis can also be used for quantitative analysis
of various compounds. Eichner and Spangenberg (2019) have
developed a method for separation and quantitative
determination of caffeine, artemisinin, and equol. The latter
was also an object of interest in the study by Peters and
Spangenberg, (2019). The comparison of results achieved using
TLC-UV and TLC/DART for the quantification of this substance
in cattle manure extracts clearly shows that selectivity of mass
spectrometry allows obtaining more exact results. The authors
underline that in case of UV detection, corresponding peaks were
significantly broader, causing more errors.

A very promising approach was developed by Chen et al.
(2021). In this study, DART-MS was combined with a laser
system, in which irradiation significantly increased desorption
of analytes. A similar method has already been published, but the
authors used an expensive multi-wavelength laser device (Zhang
et al., 2012), whereas the mentioned approach is based on a low-
cost and easy-to-install laser system. It also allowed decreasing
the temperature of the gas stream, which is rather high for the
TLC/DART experiment as usual. The proposed approach was
validated using various synthetic compounds and applied for the
analysis of natural herbal medicines.

There are also a significant number of other home-built
systems allowing desorption/ionization of analytes from TLC
plates. Their descriptions are summarized in Table 1.
Although such systems are not commercially produced, they
demonstrate great potential for further development and may

TABLE 1 | Home-built interfaces for TLC/MS systems.

Desorption/ionization principle Objects/analytes Results References

Laser desorption–low-temperature plasma
(LD-LTP)

Tea, coffee beans, and soluble
coffee extracts

Quantitative analysis of compounds in complex matrices,
possibility of a low-cost laser system used in combination with
an activated carbon matrix

Garcia-Rojas et al.
(2020)

Low-temperature plasma (LTP) Pharmaceuticals and biologically
active compounds

Desorption/ionization efficiencies depend on the nature of
solvents and analytes; LODs are compared to other approaches

Gong et al. (2020)

Laser desorption– low-temperature plasma
(LD-LTP)

Pharmaceuticals and biologically
active compounds

High spatial resolution and possibility to decrease LODs by
increasing laser spot size

Gong et al. (2020)

Desorption atmospheric pressure
photoionization (DAPPI)

Human lipids and plant oils Detection of fatty acid diols and glycerol esters, cholesterol and
its derivatives, and squalene

Rejsek et al. (2016)

Desorption atmospheric pressure chemical
ionization (DAPCI)

Amino acids and drugs Detection of amino acid and pharmaceutical compounds, linear
signal

Winter et al. (2015)

Desorption atmospheric pressure chemical
ionization (DAPCI)

Hop acids Semi-quantitative determination of α- and β-acid ratio Winter et al. (2017)

Sawtooth TLC-ESI/MS Dyes Detection of dyes using a very simple experimental design Cheng et al. (2019)
Flowing atmospheric pressure afterglow
(FAPA)

Pyrazole derivatives, alkaloids,
steroids, and drugs

LODs comparable with other ambient methods achieved using a
simple laser pointer for ablation, quantitative results

Ceglowski et al.
(2015)
Kuhlmann et al.
(2019)

Electrostatic spray ionization (ESTASI) Dyes and drugs Detection of all tested compounds, low LODs Zhong et al. (2015)
Electrostatic field–induced spray ionization
(EFISI)

Herbal extracts Detection of alkaloids, flavonoids, phenoic acids, lignans,
coumarins, anthraquinones, monoterpenoids,
sesquiterpenoids, diterpenoids, and triterpenoids

Zhang et al. (2019)
Zhang et al. (2020)

Desorption/ionization induced by neutral
clusters (DINeC)

Oligopeptides and extracts from
yolk of a chicken egg

Extremely soft ionization technique allowing desorption
ionization without any fragmentation

Heep et al. (2019)

Diode laser thermal vaporization–inductively
coupled plasma (DLTV-ICP)

Algae Reproducible quantification of selenium in algae using a low-cost
experiment design; the results are comparable to HPLC-ICP MS

Bednarik et al.
(2018)
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take an important place in TLC/MS analysis. Laser-based systems
appear to be most promising because they allow achieving the
highest spatial resolution, which is very important for the analysis
of co-eluted analytes.

CONCLUSION

Reproducibility and high spatial resolution achieved by MALDI-
MS are still keeping this method as the most widely used
desorption/ionization technique for the detection of analytes
from TLC plates. Further developments of this method,
including new chromatographic sorbents and matrix
compounds/mixtures, and novel sample preparation
procedures guarantee its popularity for the analysis of various
objects. Most notably, there are new studies introducing TLC/
MALDI as a useful tool in new research fields such as, for
example, petroleomics. However, the fast growing number of

ambient ionization techniques offers a good alternative for
MALDI. These methods allow developing cost-effective,
robust, and express approaches for the detection of various
classes of analytes from TLC plates. We believe that all these
MS ionization approaches will keep one of the first
chromatographic separation methods actual for a lot of purposes.
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